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Abstract 
Two dimensional numerical simulations were conducted to study the performances of a mild furnace with forward 
flow configuration. A reflector for application in the furnace was proposed to reduce the CO and H2 emissions due to 
incomplete burnout of gas fuel, while maintain the low level of NO emission. Effects of the reflector diameter (D) on 
the performances of the furnace were analyzed. The predicted data in the furnace without reflector are in good 
agreement with the measurements. The results indicated that influence of reflector on flow field in the furnace 
upstream is insignificant because it is mainly controlled by the burner exit jet momentum, however the reflector 
prolongs the residence time of flue gas in the chimney and the combustion near the reflector is intensified. The 
temperature distributions in the furnace are very uniform and the maximum temperatures of all conditions are below 
1500 K. The CO and H2 emissions in flue gas decrease dramatically with the increase of D and the NO emission is 
below 4 ppm regardless of D.  
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1. Introduction 
MILD (moderate and intense low-oxygen dilution) combustion has been recognized as one of the most 
promising combustion technologies, which combines high thermal efficiency and low pollutant emissions 
in industrial applications. This combustion is also named as ‘HiTAC or HTAC’, ‘CDC’ or ‘FLOX’. Mild 
combustion is invisible or flameless and occurs volumetrically. Fuel is slowly oxidized in distributed 
reaction zones where oxygen is highly diluted by recirculated flue gas and temperature is in excess of the 
local auto-ignition point of fuel. As a consequence, peak temperatures in the distributed combustion zones 
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are significantly reduced, the temperature distribution is rather uniform and NOx emissions are 
dramatically reduced [1,2].   
This technology has been successfully applied to metal and steel reheating and heat treatment furnaces 
and has a great potential to benefit many other applications in future. This requires fundamental research 
and knowledge on mild combustion phenomena to widen its applications. 
In order to extend the application of mild combustion to other industrial furnace such as tube furnace 
used in refinery and petrochemical plant, new arrangement of fuel nozzle, air nozzle and exit is needed 
apart from recuperative [3,4] and regenerative [5,6] types. The typical tube furnace is a forward flow 
configuration, where air and fuel are injected from one side (e.g. bottom side) and exit is located in 
another side (e.g. top side). Very few studies reported in the literature have focused on the forward flow 
configuration or tube furnace mild combustion. Rebola et al. [7] experimentally investigated the mild 
oxidation phenomena in a small-scale furnace with forward flow configuration fired with methane. Their 
results indicated that mild combustion is possibly established for the present combustor. The flue gas data 
showed that the NOx emissions are always low. However the CO emission is strongly affected by excess 
air factor and preheating temperature of combustion air. Rebola et al. [8] also conducted numerical 
simulations of the mild furnace. The eddy dissipation concept (EDC) model along with the most detailed 
reaction mechanism yielded rather good predictions validated with experimental data. 
In the present study, an attempt was made for simultaneously high efficiency (i.e. low CO and H2 
emissions) and low NOx emissions of mild furnace by numerical simulations. Firstly, the predictions by 
the present model are validated with the experimental and numerical data of Rebola et al. [7,8].  Secondly, a 
reflector located at the furnace chamber exit is proposed to prolong residence time of flue gas and lower 
CO and H2 emissions. Effects of the reflector diameter (D) on flow field, temperature field, OH field, CO 
and H2 emissions, and NO emission are analysed. Finally, the last section of the paper makes conclusions. 
2. Physical and numerical modelling 
2.1. Computational domain and boundary conditions 
The geometrical configuration adopted in this article is the one used in the experimental and numerical 
study of Rebola et al. [7,8]. The furnace chamber is a cylinder with an inner diameter of 150 mm and a 
length of 300 mm. The burner is located at the top of the furnace and the exhaust of flue gas is passed 
through the bottom end through a convergent duct with a length of 50 mm and an angle of 35°. The 
chimney is also a cylinder with an inner diameter of 85 mm and a length of 150 mm. Therefore, the 
furnace length excluding the burner is 500 mm. The burner consists of a central gas gun (i.d. 4 mm, o.d. 6 
mm) and a combustion air supply in a conventional double concentric configuration (i.d. 15 mm). We 
considered 2-D axisymmetric computational domain as shown in Fig. 1. The employed boundary 
conditions in the model are consistent with ref. [8]. The thermal input load is 10.0 kW; the excess air 
factor is 2.0; the preheating temperature of combustion air is 500 °C; the inlet air mass flow rate is 6.9 g/s; 
the inlet methane mass flow rate is 0.2 g/s; the wall temperature is 900 °C; the D is varied from 0 to 100 
mm at intervals of 20 mm.  
2.2. Numerical models and meshing 
For the solution of equations, a pressure based steady-state segregated implicit solver was used. The 
relationship between velocity and pressure corrections was solved by the semi-implicit method for 
pressure linked equation (SIMPLE) algorithm. A second order upwind scheme was used for convection 
terms and a second order central-difference scheme was used for diffusion terms in transport equations [9]. 
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The numerical simulations were performed using the CFD code FLUENT V6.3, which uses finite volume 
method to solve the conservation and reaction integral equations. The flow turbulence was predicted by 
the standard k-ε model. The standard wall functions were employed for near-wall treatment. The eddy 
dissipation concept model (EDC) coupled with detailed chemistry was applied to modeling combustion. 
In the present burner configuration, the air momentum at the burner exit is very high and therefore the air 
and the methane partly mix before combustion. The GRI-2.11 [10], which comprises 277 reaction steps 
involving 49 species, was considered to describe the methane oxidation. The GRI-2.11 gives better results 
than GRI-3, particularly in the prediction of NOx, as reported by Ravikanti et al. [11], Ziani et al. [12], and 
Mardani et al. [13]. The radiation heat transfer was simulated with the discrete ordinates (DO) model. 
Absorption coefficient of gaseous medium used in the radiation model was simulated with the weighted 
sun of gas grey model (WSGGM), which is a reasonably compromise between the oversimplified gray gas 
model and the complete model which takes into account particular absorption bands [9].  
 
Fig. 1 Mesh of the mild furnace with reflector and burner 
Two convergence criteria were employed to determine the end of every numerical simulation. The first 
criterion was that the maximum of the residuals of energy equation are less than 10-6 and the sum of the 
residuals for all the other variables are less than 10-4. The second criterion was that until the differences in 
mass and energy balance were less than 4 × 10-9 kg/s and 0.04 kW respectively, iterations of the 
governing equations were carried.  
The grids of the computational domain, shown in Fig. 1, were generated using the software GAMBIT 
V2.4. A smaller grid interval size was used in the region of the burner exit and in the vicinity of the 
centerline. A grid independent test was conducted by Rebola et al. [8] using 42 × 130 nodes (coarsest) and 
83 × 229 nodes (finest) in the radial and axial directions, respectively. The difference is negligible 
between the two meshes. The predictions in this article were obtained using a finer grid of 57 × 145 nodes.  
3. Results and discussion  
3.1. Validation of the model 
Before starting the study of effects of reflector diameter (D) on the performances of the mild furnace, 
we reproduced the conditions and the protocol presented by Rebola et al. [7,8] in their study. The obtained 
results were compared to the experimental and numerical data of Rebola et al. [7,8].  
There are no significant differences between the predicted results and the measurements of temperature, 
O2 and CO2, apart from the near-burner region where the simulation underestimates the temperature and 
CO2, but overestimate the O2 molar fraction (not shown for brevity). Fig. 2 shows the predicted and 
measured radial profiles of the CO and NO molar fraction, not corrected to 15% O2 concentration. The 
present predicted CO molar fractions show large discrepancies in comparison with the measurements but 
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better than the predictions of Rebola et al. [8]. The discrepancies mainly exist at the furnace downstream 
such as x = 210 and 270 mm where reactants combustion mainly occurs, however the present predictions 
are in better agreement with the experimental data at x = 30 and 90 mm where the recirculated flue gas is 
occupied. That is to say, the CO concentration in flue gas can be predicted correctly. In the present study, 
effects of D on the furnace efficiency are characterized by the CO and H2 emissions in the flue gas at x = 
500 mm, and therefore the model setup is appropriate for this study. The present predicted NO molar 
fractions are in better agreement with the measurements than the Rebola et al. predictions [8]. Discrepancy 
in the NO emission always exists in published reports and the present predicted NO is reasonably 
acceptable considering the NO emission is very small. The discrepancy between the present study and the 
predictions of Rebola et al. is likely to do with the mesh especially in nozzles and areas with gradient.  
3.2. Effects of D on flow field and recirculation rate 
The predicted flow patterns at D = 0, D = 40, and D = 80 mm are shown in Fig. 3. The color scale is 
from 0 to 106 m/s. The flow pattern in the furnace chamber upstream is changed slightly with the increase 
of D because it is mainly controlled by the jet momentum of the air and fuel, while the flow pattern in the 
furnace chamber downstream is changed dramatically due to the block of the reflector. There is a 
recirculation zone after the reflector, and its area increases with D.  
Recirculation rate is an important parameter in mild combustion. According to Wünning and Wünning 
[14], the recirculation rate is defined as the ratio of the mass flow rate of recirculated flue gas to the mass 
flow rate of reactants. In the present study, the maximum recirculation rate was calculated as the mass 
flow rate crossing the recirculation core plane in negative axial direction to the mass flow of the reactants. 
Influences of D on the position of recirculation core and the maximum recirculation rate are negligible. 
The positions of the recirculation core are (208.5,44.8), (208.0,44.3), (208.4,44.4), (211.5,45.2), 
(217.0,45.7), and (223.5,48.5) for D = 0, 20, 40, 60, 80, and 100 mm, respectively. The maximum 
recirculation rates are about 2.30 of all conditions. The result indicted that the recirculated flow in the 
furnace chamber is mainly controlled by the burner exit jet momentum, and influence of the reflector is 
insignificant.   
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(a) D = 0  (b) D = 40  (c) D = 80 
Fig. 2 Predicted and measured radial CO and NO molar fraction profiles Fig. 3 Predicted flow pattern 
3.3. Effects of D on temperature and specie field 
Fig. 4 shows the effects of D on the temperature field and OH molar fraction field. The color scale of 
temperature is from 300 K to 1500 K. The color scale of OH is from 0 to 0.001 by volume, with the red 
color applying for OH molar fraction more than 0.001. The temperature distribution is very uniform and 
the low temperature region is primary in the center of the furnace chamber because of the burner jet of air 
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and methane. Influence on the temperature field is insignificant even in the vicinity of the reflector; 
however influence on the OH field is evident. The reaction rate is often represented by OH radical [13]. In 
this mild furnace, the OH is primary distributed in the burner jet downstream. The region of OH after the 
reflector was reduced with the increase of D, and the OH molar fraction before the reflector is enhanced 
indicting intensified reaction. The maximum temperature (Tmax) and maximum OH molar fraction (OHmax) 
in the furnace increase from 1439 to 1480 K and from 0.082% to 0.124% with D, as shown in Fig. 5. The 
Tmax of all conditions is below 1500 K indicting mild combustion is sustained and the reaction is 
distributed volumetrically. The results in Fig. 5 are consisted with the discussion of Fig. 4.  
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Fig. 5 Effects of D on maximum temperature and 
maximum OH molar fraction 
 
Fig. 4 Temperature field and OH molar fraction field Fig. 6 Effects of D on CO, H2, and NO emissions 
at the furnace outlet (x = 500 mm) 
3.4. Effects of D on the CO, H2 and NO emissions 
The CO, H2 and NO emissions emitted from the mild furnace outlet (x = 500 mm) are shown in Fig. 6. 
CO and H2 are intermediate species of hydrocarbon combustion. CO is a common emission in flue gas of 
industrial furnace for incomplete burnout because the oxidation process of CO is slower than other species. 
The CO and H2 emissions decreased dramatically as D increased from 0 to 20 and then decreased 
gradually as D increased from 20 to 100. This is because (i) the recirculation zone after the reflector 
prolongs residence time of the flue gas in the chimney, shown in Fig. 3; (ii) the reflector reduces the 
combustion region and enhances the combustion intensity around it resulting in the increasing of Tmax and 
OHmax. The NO emissions of all conditions are below 4 ppm. As Rebola et al. [8] predicted, the thermal, 
prompt, and N2O mechanisms contribute to 1.4%, 0.4%, and 98.2% of the emissions at the exit of the 
combustion furnace, respectively. The thermal-NO is negligible due to the Tmax < 1500 K in the furnace. 
The fuel rich regions where the prompt mechanism would be important are suppressed for high values of 
excess air.  
4. Conclusions 
(1) Effect of D on the flow field in the furnace chamber upstream is insignificant because the flow field 
in this region is mainly controlled by the burner exit jet momentum. Effect of D on the flow field is 
evident around the reflector. The flow field before the reflector is changed slightly and a recirculation 
zone formed after the reflector prolongs the residence time of flue gas in chimney.  
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(2) The temperature distribution is very uniform and the maximum temperatures of all conditions are 
below 1500 K indicting a mild combustion in the furnace. The reaction region is suppressed after the 
reflector and the area is reduced resulting in enhanced combustion before the reflector, illustrated by 
contours of OH.  
(3) The CO and H2 emissions are reduced dramatically with the increase of D. This is caused by 
prolonged residence time of flue gas and intensified combustion before the reflector. The NO emissions of 
all conditions are below 4 ppm, achieving ultra-low NO emission. 
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